Background
==========

Patent ductus arteriosus (PDA) is a common congenital cardiac abnormality in premature infants. The younger the gestational age and lower the body weight, the higher the incidence of PDA \[[@b1-medscimonit-26-e921671]\]. PDA can cause pulmonary circulation, left cardiac overload, and insufficient systemic perfusion, resulting in circulatory hemodynamic changes \[[@b2-medscimonit-26-e921671]\]. The organs of low-birth-weight infants weighing less than 2500 g are not well developed, and their incidence of PDA is high. If PDA continues to open, abnormal circulation hemodynamics, pulmonary edema, and pulmonary hypertension may occur, resulting in or aggravating hypoxia and causing adverse outcomes. It is essential to establish a reliable hemodynamic evaluation method for low-weight premature infants with continuously opening PDA.

The lung is considered a blind area of ultrasound; however, in recent years, ultrasonography has been used in the diagnosis of lung diseases. Some studies \[[@b3-medscimonit-26-e921671],[@b4-medscimonit-26-e921671]\] found that changes in the ratio of the water content of the alveoli and stroma can confound ultrasound images and create defects, thus reflecting the pathological changes of the lung parenchyma. In recent years, a growing number of studies have shown that lung ultrasound can be used to diagnose and identify anti-diastole in adult lung diseases, as well as to evaluate neonatal lung diseases such as neonatal respiratory distress syndrome, pneumonia of the newborn, wet lung of the newborn, and pulmonary hemorrhage of the newborn \[[@b5-medscimonit-26-e921671],[@b6-medscimonit-26-e921671]\]. The International Consensus on the Diagnosis of Lung Diseases (2012) \[[@b7-medscimonit-26-e921671]\] and the Guidelines for the Diagnosis of Neonatal Lung Disease (2019) \[[@b8-medscimonit-26-e921671]\] indicated that lung ultrasound can be used to diagnose a variety of pulmonary diseases, with higher sensitivity and accuracy than conventional chest X-ray examinations. Using lung ultrasound can quantitatively evaluate pulmonary water content \[[@b9-medscimonit-26-e921671]\]. However, few studies have examined the hemodynamic status of low-birth-weight infants with PDA using lung ultrasound. This study aimed to evaluate the clinical significance of lung ultrasound for evaluating the prognosis of low-birth-weight infants with PDA using lung ultrasound score (LUS).

Material and Methods
====================

Subjects
--------

From January 2018 to December 2019, lung ultrasonography was performed on low-birth-weight neonates admitted to the Department of Neonatology of the Affiliated Hangzhou First People's Hospital, Zhejiang University School of Medicine. Inclusion criteria were: premature infants with PDA and a birth weight less than 2500 g; and admission to our hospital within 24 hours of birth. Exclusion criteria were: children with congenital heart disease confirmed by cardiac ultrasound except PDA and patent foramen ovale; children with definite congenital malformations and other chromosome abnormalities diagnosed prenatally; and neonates with pneumothorax and lung bleeding. The premature infants with similar gestational age and a closed arterial line were selected as the control group. The examination was completed on the fourth day of the post-partum period. This study was reviewed by the hospital's ethics committee (no. 2018-30-1). Informed consent was provided by each child's immediate family or guardian prior to the examination. All methods were performed in accordance with the Declaration of Helsinki.

Methods
-------

Instrument: Philips CX50 digital Doppler ultrasonic diagnostic apparatus, neonatal cardiac ultrasound probe (12 MHz), high-frequency shallow probe (12 MHz), and micro-convex probe (8 MHz).

Inspection method: The supine and lateral supine positions were taken. Each lung was divided into 3 areas: anterior superior, anterior inferior, and lateral. There were 6 total lung regions. Horizontal and longitudinal scans were taken. The scans were examined by the same ultrasound physician with experience in pediatric lung ultrasound.

Each area was graded as described by Brat et al. \[[@b10-medscimonit-26-e921671]\]: Pulmonary sliding sign with A line or a small amount of B line, 0 points; more than 3 B lines, spacing between B lines, no fusion, 1 point; diffused B line and fusion B line involving a small amount of subpleural consolidation, 2 points; and wide range of consolidation areas, 3 points. Each region was rated with the most serious performance. The LUS was the sum of the scores of each region, and the highest score of the 6 segments was 18 points ([Figure 1](#f1-medscimonit-26-e921671){ref-type="fig"}).

Statistical methods
-------------------

The statistical analysis was performed using SPSS version 21.0 software. The *t* test was used to compare LUS between the ductus arteriosus closure group and the PDA group, while Pearson analysis was used to analyze the correlation between LUS and the data of each group. The ROC curve was established using the sensitivity of the dual lung score to diagnose PDA as the ordinate and 1-specificity as the abscissa.

Results
=======

Comparison between the experimental group and the control group
---------------------------------------------------------------

Two hundred and twenty-one infants were considered eligible and underwent ultrasound examinations of the lungs. Among them, there were 94 cases of low-birth-weight infants with PDA, 51 females, and 43 males. The mean gestational age was 30.90±3.56 weeks, mean birth weight was 1568.94±630.06 g, mean hospital stay was 33.09±23.20 days, mean age at examination was 4.13±1.12, mean lung ultrasound score was 8.88±3.56, lowest score was 2 points, and highest score was 15 points. Two patients died, one with a lung score of 14 and the other with a score of 7. Another patient could not be weaned and underwent PDA ligation. There were 127 cases in the controls group (63 females, 63 males), which had a mean gestational age of 30.33±2.81 weeks, mean birth weight of 1434.69±485.66 g, mean hospitalization stay of 35.71±19.66 days, and mean lung ultrasound score of 6.75±3.66. The mean age at examination was 4.50±1.26 days. There was no significant intergroup difference in gestational age, birth weight, hospitalization length, or left ventricular ejection fraction between the 2 groups, but there was a significant intergroup difference in lung ultrasound score and aortic root ratio to left atrial ([Table 1](#t1-medscimonit-26-e921671){ref-type="table"}).

Ultrasonic imaging of lungs
---------------------------

In this study, there were different degrees of B line (100%), among which 52 cases showed a diffuse B line in the anterior and lateral chest (24%), with 20 cases of closure and 32 cases of non-closure. Thirty-three cases had different degrees of solid change (15%), with 12 cases of PDA closure and 21 cases of non-closure. No pleural effusions were detected during the examination.

Correlation analysis
--------------------

The correlation coefficients between lung ultrasound score and gestational age, birth weight, hospitalization length, left ventricular ejection fraction, aortic root ratio to left atrial, and PDA diameter were −0.235, −0.205, 0.268, 0.080, −0.338, and 0.261, respectively. Lung ultrasound score was negatively correlated with gestational age (*r*=−0.235, *P*=0.000), negatively correlated with birth weight (*r=*−0.205, *P*=0.002), negatively correlated with aortic root ratio to left atrial (*r*=−0.338, *P*=0.000), and unrelated to left ventricular ejection fraction (*r*=0.080, *P*=0.234); and positively correlated with PDA inner diameter (*r*=0.261, *P*=0.011) and length of stay (*r*=0.268, *P*=0.000).

ROC curve for assessing whether the pulmonary artery catheter is closed with the lung ultrasound score
------------------------------------------------------------------------------------------------------

When the Youden index was 0.264, the area under the ROC curve was 0.668, and the cut-off value was 9.5, its sensitivity and specificity was 50% and 76.4% ([Figure 2](#f2-medscimonit-26-e921671){ref-type="fig"}).

Discussion
==========

In premature infants, the arterial duct tissue is immature and PDA often occurs. When PDA occurs, blood is shunted from the aorta to the pulmonary artery through the arterial catheter during systole and diastole. Persistent severe left-to-right shunts cause left ventricular enlargement and diastolic blood pressure to increase, resulting in congestion of the left atrium and pulmonary vascular bed, causing pulmonary edema. In recent years, lung ultrasound has been widely used in the diagnosis of neonatal lung diseases. B line can better reflect the degree of pulmonary edema, but the utility of lung ultrasound score in diagnosis is controversial \[[@b11-medscimonit-26-e921671]\]. This study attempted to use LUS to assess extravascular lung water content in neonates with PDA and to analyze the prognosis. We found that lung ultrasound score is correlated with gestational age, birth weight, and length of hospitalization, so it can help clinicians analyze the prognosis of children. In the evaluation of PDA-related conditions, the lung ultrasound score is correlated with the inner diameter of the PDA and the ratio of the aorta to the left atrium, indicating that it can semi-quantitatively evaluate the degree of pulmonary edema and can indirectly reflect the increase in left atrial pressure. Therefore, it can help clinicians understand the severity of the disease and help observe the evolution of the disease. However, the sensitivity of the ROC curve is not high and it cannot accurately reflect the severity of the child's condition.

The fourth postnatal day was selected as the time of examination. Because of the rapid decrease in pulmonary artery pressure after birth, the pulmonary artery pressure decreased rapidly, but it remained beyond the normal adult level (\<30 mmHg) \[[@b12-medscimonit-26-e921671]\] at 72 h. Therefore, it is possible to reduce the effect of hemodynamic changes on the results after the third postnatal day. In addition, the newborn's condition changes quickly, and an examination at a different time may result in a different score; therefore, the examination was completed on the fourth postnatal day.

There are different methods of zoning for lung ultrasound examination that use 12-zone and 6-zone scores. The 6-zone score was selected for this study. First, the body surface area of low-weight premature children is small, and the selection of a 12-zone score may lead to overlap of the examination areas. Second, some children who required respiratory aids are at an increased risk of extubation when turned over during an ultrasound examination. In addition, the hemodynamic instability caused by PDA patency was mainly pulmonary edema \[[@b13-medscimonit-26-e921671],[@b14-medscimonit-26-e921671]\]. The dense B line was mainly located in the anterior chest, and the main lesion area could be observed with the use of 6 areas.

No significant differences in birth age, birth weight, length of hospital stay, or left ventricular ejection fraction were seen between low-birth-weight neonates with open versus closed PDA. However, significant intergroup differences were seen in lung ultrasound scores. There was no correlation between LUS and birth age, birth weight, length of hospitalization, or left ventricular ejection fraction, but the inner diameter of the LUS and PDA were positively correlated. Therefore, lung ultrasound can be used to assess the early lung condition of low-birth-weight neonates with PDA. Lung ultrasound score was negatively correlated with aortic root ratio to left atrial. The ratio of left atrium to aorta can indirectly reflect left atrial pressure. Increased left atrial pressure can cause anterior blood flow in the pulmonary veins to be blocked, resulting in increased pulmonary circulation resistance and increased lung fluid. Cardiac ultrasound with lung ultrasound indirectly evaluates the cycle stability of the PDA and provides a basis for early intervention, with hemodynamic significance.

In this study, the mean lung ultrasound score (8.88±3.56) was significantly higher in the PDA group than in the ductus arteriosus closure group (6.75±3.66). When the newborn has a continuous unclosed arterial catheter, blood is diverted from the aorta to the pulmonary artery. The increase in pulmonary artery pressure, pulmonary congestion, and pulmonary venous pressure lead to pulmonary congestion, which leads to increased pulmonary interstitial fluid, dyspnea, and heart failure \[[@b15-medscimonit-26-e921671]\]. Because the number of B lines can reflect extravascular lung water, LUS can be used to evaluate the aggravation of pulmonary edema in PDA.

Because lung ultrasound is simple and can effectively minimize radiation exposure, it has been widely used in recent years \[[@b16-medscimonit-26-e921671],[@b17-medscimonit-26-e921671]\]. Some experts believe that ultrasound is more sensitive, accurate, and reliable than traditional X-ray in the diagnosis of neonatal lung diseases \[[@b18-medscimonit-26-e921671]--[@b21-medscimonit-26-e921671]\].

A number of epidemiological studies have shown that PDA is a risk factor \[[@b22-medscimonit-26-e921671],[@b23-medscimonit-26-e921671]\] that occurs in bronchopulmonary dysplasia (BPD). PDA with hemodynamic significance can also lead to an increased risk of pulmonary bleeding in premature infants \[[@b24-medscimonit-26-e921671]\]. Therefore, some experts used pulmonary ultrasound to evaluate BPD \[[@b25-medscimonit-26-e921671]\] and respiratory distress syndrome \[[@b26-medscimonit-26-e921671]\] in low-birth-weight neonates. However, the pulmonary ultrasound findings were not specific. All of the studied children had different degrees of B line, considering that their lung water contents were relatively high. In addition to pulmonary edema caused by PDA patency, the wet lung of neonates could also show an increase in B line. Common respiratory distress syndrome occurs in low-weight preterm infants as well as in those with meconium inhalation or neonatal pneumonia, and lung ultrasound can show pulmonary consolidations. Therefore, ultrasound findings must be combined with clinical specific analysis results.

Simple ultrasound showed no quantitative assessment of the lung condition. In 2015, Brat first proposed an application \[[@b10-medscimonit-26-e921671]\] for direct exogenous pulmonary surfactant and continuous positive airway pressure ventilation with a lung ultrasound score \[[@b10-medscimonit-26-e921671]\]. In 2018, Rouby further introduced this scoring system in detail \[[@b27-medscimonit-26-e921671]\], but the semi-quantitative method had many influencing factors \[[@b28-medscimonit-26-e921671]\]. This study showed that in the case of PDA-related disease assessment, the lung ultrasound score could be used for the semi-quantitative assessment of the degree of pulmonary edema, which could help the clinician understand disease severity and benefit the observation of the condition. Some scholars do not recommend the use of lung ultrasound scores in newborns. They believe that for severe diseases such as pneumothorax and pulmonary hemorrhage, lung ultrasound scores cannot reflect the severity of the disease, but they do not deny that lung scores can quantitatively evaluate pulmonary edema \[[@b11-medscimonit-26-e921671]\]. This study excluded diseases such as pneumothorax and pulmonary hemorrhage. The main research object was low-birth-weight infants with PDA. The purpose was not to diagnose, but to evaluate extravascular lung water content in specific diseases.

This study showed that when the cut-off value of the double lung score of the ROC curve is 9.5, the sensitivity of the predicted PDA is 50% and the specificity is 76.4%. The use of lung ultrasound scores to determine whether a PDA is open is unreliable. The neonatal lung is complicated, and various diseases can lead to increased lung water content. Therefore, the specificity of lung ultrasound scores is not particularly high.

There are some defects in this study. First, the lung ultrasonic score was semi-quantitative, and there are no accepted quantitative standards for the number of B lines and the scope of the change of the lung. Second, the scores were affected by the subjective factors of the operator, and the scores for the same child may differ among operators. The scans in this study were assessed by the same sonographer. However, it was difficult to collect large quantities of data at multiple centers. Third, low-birth-weight neonates often have other lung problems and a variety of complex factors that can affect score accuracy.

Conclusions
===========

Low-birth-weight neonates often have PDA. A continuously opening PDA affects hemodynamic changes of the circulation in children. Cardiac ultrasound can observe whether the PDA is closed and the thickness of the catheter. The left atrial pressure is estimated indirectly based on the ratio of the left atrium and the aorta. Lung ultrasound scores can semi-quantitatively evaluate extravascular lung water content, but have limited value for hemodynamic evaluation. Relying solely on lung ultrasound scores cannot accurately reflect the severity of the child's condition, and it is necessary to further combine the patient's lung ultrasound performance and medical history. The 6-segment lung scoring combined with echocardiography is simple and noninvasive. It can be used as an effective method for early diagnosis of hemodynamically significant PDA in neonates, assessing the severity of the disease and observing the prognosis, and provides a more timely and intuitive imaging basis for clinical use. It can dynamically monitor the effect of clinical treatment, reduce the number of X-ray follow-up visits in the short term, and reduce the exposure of newborns and NICU medical staff to X-rays.

The authors thank Dr. Ding Zhongxiang for his help in editing the article.

**Source of support:** This study was supported by Zhejiang Medical and Health Science and Technology Project (2020ky690) and Zhejiang Natural Science Public Welfare Fund (LGF20H020004)
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###### 

Comparison of patient characteristics between patent ductus arteriosus and ductus arteriosus closure groups.

  Group                       N     Age (days)   Gestational age (weeks)   Weight (kg)   AO/LA       EF (%)       Hospital stay length (days)   LUS
  --------------------------- ----- ------------ ------------------------- ------------- ----------- ------------ ----------------------------- -----------
  Patent ductus arteriosus    127   4.13±1.12    30.90±3.56                1.56±0.63     0.83±0.12   63.38±5.88   33.09±23.20                   8.88±3.56
  Ductus arteriosus closure   94    4.50±1.26    30.33±2.81                1.43±0.48     0.88±0.14   64.31±5.95   35.71±19.66                   6.75±3.66
  *t*                               0.776        13.094                    15.819        0.085       0.012        4.784                         0.005
  *P*                               0.444        0.199                     0.087         0.001       0.249        0.377                         0.000
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